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A B S T R A C T   
In order to extend the photoactivity of titanium dioxide into the visible region, highly porous nitrogen-doped 
TiO2 catalysts (NTiO2) were successfully synthesized by a modified co-precipitation method with ammonium 
hydroxide as a nitrogen source. Different approaches such as dosing order of the reagents and temperature of the 
synthesis, calcination period and temperature were tested to examine the optimum outcome regarding photo-
catalytic OH radical formation under UV and visible light. Coumarin as a traditional probe for this purpose was 
applied; measuring the luminescence of 7-hydroxycoumarin produced in the reaction with OH radicals, beside 
the formation of other hydroxylated derivatives. Only a few percentages of the coumarin molecules reacted with 
OH radicals, while most of them underwent reactions with other photogenerated species such as electrons 
(anaerobic/aerobic) and superoxide anion radicals (aerobic). Accordingly, our observations suggest that 
coumarin can also be used as a probe to quantify the formation of other reactive species. The results were ob-
tained from the difference between the amounts of degraded coumarin and hydroxylated coumarin derivatives 
formed during photocatalytic experiments. These coumarin-based quantifications of photoactivity was applied 
for the characterization of the prepared nitrogen-doped TiO2 catalysts (NTiO2). In addition, material analysis (X- 
ray diffraction, scanning electron microscopy, energy dispersive X-ray spectrometry, and Fourier transform 
infrared spectroscopy) showed that crystallinity and nitrogen content were found to be crucial features in the 
photocatalytic performance of the catalysts.   
1. Introduction 
Surface waters are polluted with considerable amounts of toxic or 
dangerous materials (mostly of industrial origins), which cannot be 
appropriately removed by conventional cleaning technologies. Hence, 
increasing demands have arisen to develop new procedures, which are 
environmentally friendly, using little or no chemical additives, 
economical and efficient against a wide range of organic compounds. 
Possible techniques may be membrane technology, vacuum evapora-
tion, biological treatment and photocatalysis. Photocatalytic methods 
have been proved to be suitable for the treatment of water polluted with 
inorganic and organic contaminants, such as various dyes, pharmaceu-
ticals and pesticides [1,2]. In heterogeneous photocatalytic methods 
applied for the degradation of various organic pollutants, the most 
frequently utilized catalyst is titanium dioxide, TiO2. 
TiO2 is widely used as a photoactive semiconductor, mostly in sus-
pension form. Irradiation in the near UV range generates electron-hole 
pairs in the TiO2 nanoparticles. These opposite charges may recom-
bine or, reaching the surface of the catalyst particle, can participate in 
redox reactions with H2O, OH− or dissolved O2, producing highly 
reactive species such as hydroxyl radical (•OH or OH radical) and su-
peroxide radical anion (•O2− ), which efficiently oxidize organic 
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pollutants. In addition, contaminants adsorbed on the surface of the 
catalyst may also react directly with the photochemically produced 
holes and electrons, promoting the processes of mineralization [3]. 
However, one of the drawbacks of pure TiO2 is that it can only be 
activated by UV illumination, due to its high band-gap energy (3.0 eV for 
rutile phase and 3.2 eV for anatase phase). This problem leads to a 
considerable increase in the operation costs [4]. 
Several TiO2 modifications have been carried out in order to narrow 
the band-gap energy; doping with both metal and nonmetal elements is a 
very promising approach to increase the spectral performance of TiO2 by 
shifting its light absorption to the visible region [5]. Numerous nonmetal 
elements, including N, F, S, C, and P, have been explored, which proved 
to be appropriate dopants being able to extend the light absorption edge 
of TiO2 to the region of visible light, hence, to improve the activity of 
this photocatalyst. It has been reported that non-metal dopants induce 
visible-light absorption by either introducing localized electronic states 
within the band gap or promoting electrons to the conduction band. 
Nitrogen has been intensively used as a dopant for the modification of 
titanium dioxide materials, due to its atomic size comparable with that 
of oxygen, high electronegativity and ionization energy, marked thermal 
stability and cost-effectiveness [6,7]. 
Various methods have been applied for preparation of nitrogen- 
doped TiO2 (NTiO2), including sol-gel [8–11], hydrothermal [12,13], 
co-precipitation [14,15] as well as vapor deposition and calcination of Ti 
(OH)4 under nitrogen atmosphere [7]. Among these synthesis methods, 
co-precipitation is an easy and convenient approach to prepare NTiO2. 
Several organic model compounds have been used to study the 
photocatalytic performances of NTiO2 catalysts such as Rhodamine B 
(RhB) [14,16], Methylene blue (MB) [8,17], Methyl orange [18] and 
Eriochrome black-T [19]. However, those dye compounds can only be 
used for such a purpose with care because the process involves 
competing light absorptions by the dyes and the catalyst. Dyes absorb a 
significant fraction of the light used to excite the catalyst. Hence, the 
initial concentration of the dyes must be kept at low. Additionally, the 
dyes may function as sensitizers in the visible range, which, however, 
can increase the photocatalytic activity. Therefore, to avoid both inner 
filter effect and possible sensitization, other organic model compounds 
such as chemical probes must be applied that do not absorb at the 
irradiation wavelengths. 
A number of chemical probes have been used to quantify the pho-
tocatalytic efficiency as well as to identify the reactive oxygen species 
(ROS). Coumarin has been used as an adequate probe to assess the 
photocatalytic formation of OH radicals, which play an important role in 
the photocatalytic oxidation. Several hydroxylated coumarins (OHC) are 
formed in the reaction between coumarin and OH radical as shown in 
Fig. S1 in the Supplementary Information (SI) [20,21]. One of the 
products, 7-hydroxycoumarin (7-OHC), produces intensive emission, 
which can be recorded by using spectrofluorometer. However, most of 
the previous works mainly focused only on the identification of OH 
radicals, which converted coumarin to 7-OHC with less than 2% effi-
ciency [13,20–22]. Hence, it is essential to study the photocatalytic 
pathways and the efficiencies of the reactions of coumarin with both OH 
radicals and other reactive species generated in TiO2 based photo-
catalytic systems. 
In this work, visible- and UV-light active, highly porous NTiO2 mi-
croparticles were synthesized by co-precipitation method, using tita-
nium (IV) isopropoxide as an economical precursor and ammonium 
hydroxide as a nitrogen source. The optimization parameters such as 
dosing order, synthesis temperature, and calcination period were eval-
uated regarding the photocatalytic formation of OH radicals in the 
coumarin solution. Furthermore, the effects of calcination temperature 
on the morphological, structural, optical, and photocatalytic properties 
of the prepared NTiO2 catalysts were investigated and discussed in 
details. 
In addition, the reactions of coumarin with both OH radicals and 
other photogenerated reactive species were studied. The emission of 7- 
OHC (produced by OH radicals) and the change of coumarin concen-
tration during the irradiation were recorded in order to study the pho-
tocatalytic pathways. The difference between the concentrations of the 
coumarin degraded and the OH radicals formed was evaluated to 
determine the formation of other reactive species such as photo-
generated electrons (anaerobic/aerobic) and superoxide anion radicals 
(aerobic). 
2. Materials and Methods 
2.1. Materials 
Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4) 98 % was purchased 
from Acros Organic (China) and used as titanium precursor. Ammonium 
hydroxide (NH4OH) 25% was used as nitrogen source (pure reagent 
grade) and obtained from Scharlab Hungary Ltd. Nitric acid (HNO3) 
65% was supplied by VWR International. Coumarin (C9H6O2) was pur-
chased from Carlo Erba Reagents (France). The 7-hydroxycoumarin 
(C9H6O3) 99% was obtained from Sigma-Aldrich. Barium sulphate 
(BaSO4) used in this study was purchased from Reanal (Hungary). High- 
purity water used in these experiments was double distilled and then 
purified with a Milli-Q system. Compressed air or argon was bubbled 
into the reaction mixtures from gas bottles. 
2.2. Preparation of NTiO2 
The preparation of NTiO2 was realized by using a previous method 
[14] with numerous modifications. The preliminary experiment was 
conducted in the different synthesis temperature and dosing order step 
and calcination period. 
Synthesis temperature was adjusted to 0, 10 and 25 ◦C during pre-
liminary experiment. In the first dosing order, 2 mL of titanium (IV) 
isopropoxide (TTIP) was incorporated into 50 mL of distilled water 
under continuous stirring for 10 min. Subsequently, 20 mL of nitric acid 
(65 %) was added to the white suspension, which, thus, turned into a 
transparent solution. Afterward, ammonium hydroxide 25 % (85 mL) 
was slowly added to the solution and magnetically stirred for 60 min 
[14]. In the second dosing, the order of the synthesis steps was modified 
by starting from nitric acid, ammonium hydroxide, distilled water, and 
TTIP. 
Furthermore, the precipitate obtained from final mixture was vac-
uum filtered and dried at 40 ◦C for 24 h. Then the dried NTiO2 was 
calcined at 150, 250, 350, 400, 450, 500 and 650 ◦C for different periods 
of 30, 60, 120 and 240 min in air atmosphere with a heating rate of 
2 ◦C min-1 (in a Nabertherm P330 furnace, Germany). The NTiO2 cata-
lysts obtained at different calcination temperatures are shown in Fig. S2. 
For comparison, undoped TiO2 was also prepared in a similar way by 
addition of distilled water instead of ammonium hydroxide and nitric 
acid. 
2.3. Reactor and photocatalytic experiments 
Photochemical experiments were carried out by using a laboratory- 
scale reactor with a volume of 50 mL, (Fig. S3) and in all experiments 
air or argon (Ar) was continuously bubbled into the reaction mixture. 
The flow rate of gas was 20 L.h-1. 
Visible (λmax = 453 nm; 3 × 7 W) or UV (λmax = 390 nm; 60 W) LEDs 
were used as light sources (Fig. S4). The lamp was located at a distance 
of ~10 cm from the reactor. The temperature of the reaction mixture 
was relatively stable during the illumination, only increasing by only 2- 
3 ◦C. It has not affected the rate of photochemical and thermochemical 
reactions. 
Initially, 50 mg of catalyst – the concentration of the catalyst was 1 g. 
L-1 in all experiments – was placed in 10 mL distilled water and mixed 
under sonication for 30 min, followed by stirring overnight to homog-
enize the particles. OH radicals might be formed during sonication, 
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however, they would recombine in the absence of scavenger. After-
wards, 40 mL of the organic model compound – the initial concentration 
of coumarin was 0.8 × 10-4 mol.L-1 – was added to the suspension and 
left in the dark for 30 min to establish an adsorption-desorption equi-
librium at room temperature. 
Before and during the irradiation, 3 mL of samples were taken 
through a septum with a syringe and filtered by a Millipore Millex-LCR 
PTFE 0.45 μm membrane filter. 
2.4. Analytical procedures 
In this work, coumarin was used to react directly with OH radicals 
generated during the irradiation of the photocatalysts, producing 
strongly emissive 7-hydroxycoumarin (7-OHC) [21]. The emission of 
7-OHC (excited at 332 nm) was determined by spectrofluorometer 
(PerkinElmer LS50B). 
Then the absorbances of the residual coumarin were measured by 
using a UV-Vis spectrophotometer (Scinco S-3100). The molar absorp-
tion coefficient (ε) of the 7-OHC compound at 277 nm was significantly 
lower (3209 L.mol-1. cm-1) than that of the coumarin compound 
(11308 L.mol-1. cm-1), therefore at low concentrations (c = 10-5 mol.L-1) 
the resulting 7-OHC did not significantly alter the light absorption. No 
spectrum distortion appeared at the maximum absorption of the 7-OHC 
(λ = 324 nm, ε(coumarin) = 5122 L.mol-1. cm-1; ε(7-OHC) = 11405 L. 
mol-1. cm-1) (Fig. S5). The concentration of the generated 7-OHC and the 
residual coumarin were calculated by using calibration curves (Fig. S6). 
These were determined by plotting the emission intensity values at 
453 nm as a function of the concentration of 7-OHC and the absorbance 
at 277 nm as a function of the coumarin concentration. 
The degradation efficiency of the coumarin (D(t), %) was calculated 





where C0 and Ct are the initial and actual concentrations of the starting 
compound, respectively [23]. 
2.5. Characterization 
The analyses of morphology and elemental composition of the cat-
alysts were carried out by using scanning electron microscopy coupled 
with energy-dispersive x-ray spectroscopy (SEM/EDX). An Apreo SEM 
(ThermoFisher Apreo S scanning electron microscope) equipped with 
Octane Elect Plus EDX (AMETEK) was used at 5.0 kV for imaging and 
25.0 kV for elemental analysis. For thermogravimetric analysis (TG) and 
differential thermal analyses (DTA), a Derivatograph-C type thermoa-
nalytical instrument (Hungarian Optical Works) was applied in the 
temperature range of 20–1000 ◦C, with 5 ◦C min-1 heating rate and dy-
namic synthetic air atmosphere, using open ceramic crucibles. The 
Fourier transform infrared spectroscopy measurements with attenuated 
total reflection (FTIR-ATR) were carried out by using a BRUKER Vertex 
70 type spectrometer with a single reflection Bruker Platinum diamond 
ATR adapter. The spectra of the ground samples were recorded at a 
resolution of 2 cm− 1, with a room temperature DTGS detector by aver-
aging 512 scans. The crystal structure of NTiO2 catalysts were examined 
by using XRD (Philips PW 3710 type powder diffractometer) with a Cu- 
Kα radiation source (λ = 1.5405 Å). Diffraction peaks were recorded 
from 10◦ to 70◦ and used to determine the structure of catalysts. The 






where D is the crystal size, λ is wavelength of the X-ray source (Cu- 
Kα = 1.5405 Å), β is the full width half-maximum (FWHM) of the 
diffraction peak and θ is the diffraction angle [24]. 
Diffuse reflectance spectra (DRS) were recorded on a luminescence 
spectrometer (PerkinElmer, USA) equipped with an integrating sphere. 
The band-gap energy was calculated using Tauc plot of square of the 
Kubelka-Munk function against photon energy [25]. The details of the 
calculation are described in Text S1 of the SI. 
3. Results and Discussion 
3.1. Preliminary study 
3.1.1. Morphology 
In this work, NTiO2 catalyts were synthesized via different dosing 
orders including TTIP-H2O-HNO3-NH4OH (first dosing order) and 
HNO3-NH4OH-H2O-TTIP (second dosing order). SEM measurements 
exhibited that all samples (prepared by both first and second dosing 
orders) mainly contained amorphous microparticles with various sizes 
within ~ 2-100 μm. The particle sizes are similar to those previously 
reported by Gurkan et al. [26], in the case of which wet impregnation 
method was applied. The NTiO2 catalyst consisted of spherical particles 
with sizes up to 50-100 μm. Microsheets and nanorice grains were ob-
tained for the morphology of the NTiO2 catalyst prepared by hydro-
thermal method with average lengths of 3.5 μm and 250 nm, 
respectively [12,13]. 
Noticeably, the dosing order during the synthesis in the preliminary 
experiments significantly affected the surface morphology. A non- 
porous material was obtained by the first dosing order (TTIP-H2O- 
HNO3-NH4OH) as displayed in Fig. 1a. However, NTiO2 catalysts pre-
pared by the second dosing order (HNO3-NH4OH-H2O-TTIP), displayed 
a highly porous surface after and before calcination at 450 ◦C as shown 
in Figs. 1b-c. Interestingly, porous structures were also observed in the 
undoped TiO2 (450 ◦C), and the pore sizes were similar to those of the 
NTiO2 catalyst (Fig. 1d). Hence, it can be concluded that the formation 
of pores was not influenced by the nitrogen doping. The pores might be 
formed during the exothermic reaction between the titanium precursor 
and water. 
The average pore sizes of undoped TiO2 were stable during the 
calcination processes, but it increased for the NTiO2 catalysts. The 
average pore diameters of NTiO2 before and after calcination were about 
1 and 3 μm, respectively. Thermal analysis revealed a weight loss of 
NTiO2 catalysts at 302-464 ◦C, which can be attributed to the removal of 
ammonia (from nitrogen precursor) as shown in Text S2 and Fig. S7 
[27]. It is also reported that the calcination process increased the 
average pore sizes [14,28,29]. 
3.1.2. Photocatalytic activity 
The photocatalytic activity of catalysts were assessed by measuring 
the OH radicals under visible and UV light. OH radical formation is 
usually considered as a key process characterizing the photocatalytic 
activity [13]. It is well known that OH radical is one of the highly ROS in 
the photocatalysis that attacks the organic model compounds, resulting 
in the degradation of contaminants [38,39]. Coumarin was used as the 
scavenger of OH radicals and the concentrations of 7-OHC were calcu-
lated from the emission data at 453 nm by using a calibration curve (Fig. 
S6), and the initial rates (v0) were determined from the slope of linear 
regression equation. The concentration of 7-OHC was found to be pro-
portional to the amount of OH radical produced. 
Preliminary experiments were carried out to find the optimum of 
dosing order, synthesis temperature (Text S3) and calcination period 
(Text S4) of NTiO2 (calcined at 450 ◦C) from the viewpoint of photo-
activity. The NTiO2 catalyst prepared by using the second dosing order 
(HNO3-NH4OH-H2O-TTIP) exhibited a higher photoactivity under 
visible light, which might be attributed to the surface morphology. The 
porous surface properties are important in the photocatalytic perfor-
mances because the large surface area can improve the adsorption of 
pollutants compared to the case of non-porous materials. The surface 
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area can strongly be related to the active sites which are crucial in 
trapping photoinduced carriers and prolonging their lifetime [30]. Liu 
et al. reported that the mesoporous nitrogen-doped TiO2 has a superior 
photocatalytic activity under both UV and visible irradiation, compared 
to the undoped TiO2 [31]. 
In addition, the synthesis temperature of 10 ◦C and 30-min calcina-
tion period were found to be an optimum for 7-OHC formation under 
visible light as shown in Figs. S8-S9. 
3.2. Effect of calcination temperature 
3.2.1. Material properties 
The optimum parameters determined in the preliminary experiments 
were used for further investigations regarding the effect of the calcina-
tion temperature on the material properties and photoactivity under 
both visible and UV light. 
Firstly, the changes of the vibrational states in the NTiO2 catalyst 
were measured by using FTIR spectroscopy. Fig. 2a exhibits the FTIR 
spectra of undoped TiO2 and NTiO2 calcined at different temperatures. 
Fig. 1. SEM morphology of catalysts prepared by (a) first and (b-d) second dosing order.  
Fig. 2. (a) FTIR and (b) XRD spectra of undoped TiO2 and NTiO2 calcined at various temperatures.  
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For the undoped TiO2 calcined at 0 o C (i.e., non-calcined), there are two 
characteristic peaks; a relatively sharp one at 1632 cm-1 and a broad one 
between 3000 to 3500 cm-1, which correspond to O-H bending and OH 
stretching vibrations, respectively. For the NTiO2 catalyst, an additional 
peak appeared at 1429 cm-1 (N-H bending) and the broad band resolved 
into four ones at 2983, 3034, 3184, 3395 cm-1 which can be assigned to 
N-H stretching overlapped with OH vibrations. The intensity of these 
peaks decreased at higher calcination temperatures and started to 
disappear up to 350 ᵒC. It might be due to the transformations of NH 
groups, resulting in new bonds of nitrogen (e.g., Ti-N/N-Ti-O), the vi-
brations of which were not detectable at the measurement parameters 
applied [10,14]. 
The structural properties of the catalysts were determined by using 
XRD measurements. Fig. 2b illustrates the XRD patterns of the NTiO2 
catalysts calcined at various temperatures. Pure anatase phase was ob-
tained for all catalysts except for the ones calcined at 150 ◦C and 250 ◦C, 
which were of amorphous titania. The diffraction peaks located at 25.2◦, 
37.8◦, 47.9◦, 54.9◦ and 62.7◦ are mainly related to the anatase phase 
(JCPDS card no. 21-1272) with Miller indices labeled as (101), (004), 
(200), (211) and (204), respectively. There was not any phase trans-
formation of the catalysts from anatase to rutile or brookite during 
calcination up to 650 ◦C. Generally, the phase transformation of pure 
TiO2 from anatase to rutile occurs between 500 ◦C to 600 ◦C, and 
completely transforms to rutile at 600 ◦C [32,33]. From our results, it 
clearly indicates that the nitrogen doping in TiO2 inhibited the phase 
transformation from anatase to rutile, in accordance with a quite recent 
observation [13]. 
The peak intensity of anatase (101) increases and the width of (101) 
plane becomes narrower with increasing calcination temperature. This 
tendency can be attributed to the growth of the average diameter of the 
crystaline particles upon temperature rising. The crystallite sizes 
increased from 15 nm (350 ◦C) to 27.5 nm (650 ◦C) as summarized in 
Table 1. In comparison, according to a previous work, the crystallite size 
of the standard Degussa P25 TiO2 was approximately 79.7 nm [34]. 
Energy dispersive X-ray spectrometry (EDX) was applied to investi-
gate the elementary composition of NTiO2 calcined at various temper-
atures. The percentage of nitrogen content significantly dropped from 
14.09 to 5.50 wt% upon increasing the calcination temperature from 
non-calcined to 450 ◦C (Table 1). In addition, a nearly constant nitrogen 
content (around 3.45 ± 0.16 wt%) was obtained above a calcination 
temperature of 500 ◦C. It exhibited that not only water molecules were 
released from NTiO2 during the heating process, but also the nitrogen 
content changed. The loss of nitrogen could be replaced by oxygen from 
air upon increasing calcination temperature [35]. 
The band-gap energies were determined by the analysis of diffuse 
reflectance spectra, applying the Kubelka-Munk function (Fig. S8). 
Generally, nitrogen doping slightly reduced the band-gap energy of TiO2 
into 3.01-3.18 eV. This phenomenon is in accordance with previous 
observations, according to which the obtained band-gap energy of 
NTiO2 catalysts were 2.94-3.18 eV [8,13,14,36]. Those catalysts 
exhibited excellent photocatalytic performances in the degradation of 
MB, RhB, and ciprofloxacin, under both visible and UV light. 
Upon enhancing the calcination temperature, the band-gap energy 
indicates a moderate, but monotonous increase (Table 1). It is strongly 
related to the decrease of the nitrogen content. It is well known that 
nitrogen as doping element induces the formation of a new energy level 
(localized N2P state) in the valence band, extending the light absorption 
into the visible range [35,37]. These results can also be used to verify 
that the higher calcination temperature could potentially increase the 
band-gap energy, due to the nitrogen loss. 
3.2.2. Photocatalytic activity 
The photocatalytic activity of these NTiO2 catalysts prepared in the 
various calcination temperatures were evaluated under both visible and 
UV light (Fig. S11). Its effect on the initial rate (v0) of 7-OHC formation is 
shown in Fig. 3. The NTiO2 catalysts calcined at 150 and 250 ◦C were 
inefficient regarding the photoinduced OH radical formation, indepen-
dently of the irradiation wavelength. In addition, the 7-OHC formation 
gradually rose in the 350-450 ◦C range and dramatically decreased at 
500 to 650 ◦C under visible-light (Fig. 3a). In contrast, upon UV irradi-
ation, the 7-OHC formation indicated a monotonous and significant 
increase upon rising the calcination temperature (Fig. 3b). Beside the 
deviating tendencies, compared to the rates observed under visible light, 
UV irradiation strongly (more than one order of magnitude) improved v0 
of 7-OHC formation over the NTiO2 catalysts (Table 2). This phenome-
non can be attributed to the higher energy of UV compared to that of 
visible light [40] and to the structural deviations originated from the 
different nitrogen contents. 
Moreover, crystalline phase, cystallite size, nitrogen content, and 
surface morphology are important features affecting the photocatalytic 
performances of NTiO2 catalysts. According to the XRD results, all cat-
alysts were transformed into pure anatase phase during calcination at 
350 to 650 ◦C, but they are characterized by different nitrogen contents 
and crystallinities (Table 1). The crystallite size increased with the rising 
calcination temperature. The higher crystallite size had a better 
adsorption, thus inducing a higher photoactivity [41]. Under visible 
light, the photoactivity increased from 350 ◦C to 450 ◦C and signifi-
cantly decreased from 500 to 650 ◦C (Fig. 3a). It might be attributed to 
the decrease of the nitrogen content (Table 1) during calcination, which 
led to a higher band-gap energy and less light absorption in the visible 
range [14,35,36,42]. From this point of view, both crystallite size and 
nitrogen content of the NTiO2 catalysts play crucial roles in the v0 of OH 
radical formation (Fig. 4a). 
The initial rate of 7-OHC formation under UV light significantly 
improved by higher calcination temperature. The increase of photo-
activity was in line with the increasing of crystallite size under UV light 
(Fig. 4b). It should also be noted that an increase of the calcination 
temperature reduces the nitrogen content, which results in only a slight 
change in the oxidation capacity of the valence band. Nevertheless, it is 
a general phenomenon that relatively small decreases of the band-gap 
considerably diminishes the photoactivity in the UV range. 
3.3. Photocatalytic pathways 
3.3.1. Photocatalytic reactions with coumarin under UV light 
One of our main goals was to study the reactions of coumarin as a 
probe of the photocatalytic activity of the nitrogen-doped titanium di-
oxide upon both UV- and visible-light irradiations. NTiO2 calcined at 
450 ◦C was applied for these measurements because it displayed the 
highest photoactivity under visible light. The reaction mixtures were 
saturated with Ar or air during the irradiations, ensuring anaerobic or 
aerobic conditions, respectively. 
The first measurements were carried out under UV irradiation. The 
total concentration of the hydroxylated coumarins (OHC) was estimated 
from the concentration of 7-OHC, the fraction of which was about 29% 
of all OHC products [20]. Besides, the amount of OH radicals formed 
Table 1 
Summary of characteristic data for NTiO2 and TiO2.  
Calcination 
temperature / ◦C 
Band-gap 








non-calcined - amorphous - 14.09 
150 3.01 amorphous - 9.53 
250 3.03 amorphous - 8.88 
350 3.05 pure anatase 15.06 8.41 
400 3.11 pure anatase 17.22 7.20 
450 3.12 pure anatase 19.20 5.50 
500 3.13 pure anatase 20.70 3.30 
650 3.17 pure anatase 27.53 3.61 
450* 3.18 pure anatase 13.93 0.00  
* Undoped TiO2 calcined at 450 ◦C 
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was obtained from the total OHC concentration. The efficiency of OH 
radical trapping by coumarin to produce OHC was found to be 6.42% of 
all OH radical formation [43]. In addition, under anaerobic conditions, 1 
molecule of OHC is obtained from the reaction between 2 molecules of 
OH radicals and 2 molecules of coumarin. However, 2 molecules of OH 
radicals and 1 molecule of coumarin are required to produce 1 molecule 
of OHC in aerobic atmosphere [20]. Considering these facts, the con-
centration of OH radicals formed in the latter system could be calculated 






















As shown in Fig. 5a, the 7-OHC formation in the absence of O2 ex-
hibits a gradual increase during the UV irradiation. After 60-min 
irradiation, the concentration of 7-OHC formation reached 1.30 × 10-7 
mol.L-1 and those for OHC and OH radical were 4.48 × 10-7 mol.L-1 and 
139.82 × 10-7 mol.L-1, respectively. The initial rate of OH radical for-
mation was 2.24 × 10-7 mol.L-1. min-1. 
Generally, in the presence of O2 the concentration of 7-OHC or OH 
radical increased in the first period of irradiation time as shown in 
Fig. 5b. The concentration of 7-OH reached to 2.66 × 10-7 mol.L-1 after 
60-min irradiation, and for OHC and OH radical were 9.18 × 10-7 mol.L- 
1 and 286.20 × 10-7 mol.L-1, respectively. The enhancement of the 
photoactivity might be attributed to better charger separation of pho-
togenerated electron-hole pairs leading to higher OH radical formation. 
The initial rate (v0) of OH radical formation was 4.69 × 10-7 mol.L- 
1. min-1. Furthermore, after the first period, a declining phase was 
observed due to the low rate of 7-OHC formation. The decrease of 7-OHC 
concentration can be attributed to the relative excess of ROS (OH 
radical, superoxide anion radical or H2O2) which can further degrade 7- 
OHC itself or attack the intermediates of reactions and convert those into 
various products other than 7-OHC [44,45]. 
The concentration of coumarin was also measured during the pho-
tocatalytic reaction to evaluate the degradation efficiency. As illustrated 
in Fig. 6a, in anaerobic atmosphere, the total coumarin degradation 
efficiency after 240-min irradiation and the initial degradation rate (v0) 
were 20.2 % and 1.1 × 10-7 mol.L-1. min-1, respectively. However, in 
aerobic atmosphere, the degradation efficiency of coumarin signifi-
cantly increased; to 58.6% after 240-min irradiation, with an initial 
degradation rate of v0 = 3.6 × 10-7 mol.L-1. min-1 (Fig. 6b). 
In order to study the photocatalytic degradation pathways of 
coumarin, all types of OHC formation and coumarin degradation were 
evaluated. Total coumarin degradation was obtained from the difference 
between the initial and the actual coumarin concentrations. OHC con-
centration indicates the amount of coumarin degraded through the 
Fig. 3. Effect of the calcination temperature on the initial rate of 7-OHC formation under (a) visible and (b) UV light.  
Table 2 
Summary of initial rate of 7-OHC formation.  
Catalyst v0 of 7-OHC formation / 10-10 mol.L-1. min-1 Ratio (b:a)  
(a) Visible (b) UV  
DP25 TiO2* 0.2 331.5 1657.5 
Undoped TiO2 450 ◦C* 0.4 51.1 127.8 
NTiO2 350 ◦C 3.0 15.7 5.2 
NTiO2 400 ◦C 3.7 26.5 7.2 
NTiO2 450 ◦C 5.3 43.7 8.3 
NTiO2 500 ◦C 1.7 49.9 29.4 
NTiO2 650 ◦C 0.5 93.8 187.6  
* Data can be found in Fig. S7. 
Fig. 4. Correlation of calcination temperature, nitrogen content and crystallite size on the v0 of 7-OHC formation under (a) visible and (b) UV light.  
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reactions with OH radicals. The difference between the total coumarin 
degradation and the OHC concentration suggested the coumarin 
degradation through the reaction with other reactive species (Fig. 6). 
Under anaerobic condition, total coumarin degradation was about 
6.65% after 60 min irradiation, while the coumarin degradation in re-
actions with OH radicals and other reactive species were 0.97% and 
5.67%, respectively. A similar phenomenon was also observed in aerobic 
atmosphere, where only about 1.01% of coumarin reacted with OH 
radical. Meanwhile, the degradation of coumarin in reactions with other 
reactive species was 18.24% from the total coumarin degradation of 
19.25%. The coumarin degradation via different pathways is summa-
rized in Table 3. The results show that coumarin prefers to react with 
species other than OH radicals. Zerjav and co-workers studied coumarin 
as OH radicals probe over pure anatase TiO2 nanorods. It was found that 
less than 2% of coumarin was converted into the photoluminescent 7- 
OHC [22]. 
As given in Table 3, the efficiency of coumarin degradation through 
the reaction with OH radicals hardly depended on the presence of ox-
ygen. However, compared to anaerobic, the efficiency of the reaction 
with other reactive species significantly increased in aerobic atmo-
sphere. As shown in Fig. 7, the initial rate of coumarin degradation via 
reactions with other reactive species under anaerobic and aerobic con-
ditions were 1.0 × 10-7 mol.L-1. min-1 and 2.7 × 10-7 mol.L-1. min-1, 
respectively. 
Generally, photocatalytic reaction was initiated by irradiation of 
NTiO2 catalyst, producing photo-generated electrons in the conduction 
band, along with corresponding positive holes in the valence band. In 
anaerobic atmosphere (Ar), these photo-generated electrons and holes 
can quickly recombine in the absence of electron scavenger, leading to a 
low photoactivity (Eqs. 5–6). However, at the same time, coumarin can 
act as an electron scavenger (k = 1.6 × 1010 L. mol− 1.s− 1 [46]) in the 
absence of oxygen, forming non-fluorescent products (Eq. 7), while the 
holes in the valence band react with adsorbed H2O molecules, leading to 
the formation of OH radicals (Eq. 8). Various OHC products are formed 
in the reaction with coumarin as illustrated in Eq. 9 [20].  
NTiO2 + hv → NTiO2(hVB+ + eCB − ) Excitation                                  (5)  
NTiO2(hVB+ + eCB − ) → NTiO2 Recombination                                   (6) 
Fig. 5. The concentrations of OH radical, OHC and 7-OHC during UV irradiation of NTiO2 catalyst (calcined at 450 ◦C) under (a) anaerobic and (b) aerobic con-
ditions. Insets show the plots for OHC and 7-OHC at higher resolution. 
Fig. 6. Efficiency of coumarin degradation during UV irradiation of NTiO2 catalyst (calcined at 450 ◦C) under (a) anaerobic and (b) aerobic conditions. (Total 
coumarin degradation = black + gray). 
Table 3 
Coumarin degradation via different pathways over NTiO2 calcined at 450 ᵒC, under UV light after 30 and 60-min irradiation time.  
Atmosphere Irradiation time / min Total coumarin degradation / % Coumarin degradation via reaction with Ratio (b:a)    
(a) •OH (b) other reactive species  
Anaerobic 30 2.96 0.54 2.42 4.47 
Aerobic 11.48 0.68 10.80 15.88 
Anaerobic 
60 
6.65 0.97 5.67 5.83 
Aerobic 19.25 1.01 18.24 18.06  
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eCB − + coumarin → non-fluorescent products                                      (7)  
hVB+ + H2O → •OH + H+ (8)  
•OH + coumarin → fluorescent 7-OHC + other OHC                             (9) 
In case of aerobic atmosphere, oxygen is a powerful electron scav-
enger, thus extending the lifetime of the photo-generated electron-hole 
pairs. The rate constant of the reaction between electron and O2 
(k = 2.3 × 1010 L. mol− 1.s− 1 [47]) is higher than that for the reaction of 
electron with coumarin (k = 1.6 × 1010 L. mol− 1.s− 1 [46]). Taking the 
concentrations of coumarin and dissolved oxygen (in air-saturated so-
lution at 20 ◦C), 0.8 × 10-4 mol.L-1 and 0.56 × 10-4 mol.L-1 respectively, 
the efficiencies of the reactions of photo-generated electrons with these 
two species are very similar at the beginning of the irradiation. How-
ever, due to the degradation of coumarin, its concentration significantly 
decreased during the irradiation, hence, more and more 
photo-generated electrons were converted into superoxide anion radi-
cals (Eq. 10).  
eCB − + O2 → •O2− (10) 
Superoxide anion radical can be easily protonated (pKa 
(•HO2/•O2− ) = 4.8), producing OH radical in the further reaction steps 
(Eqs. 11–13) [48]. Subsequently, OH radicals formed from hydroperoxyl 
radical (Eq. 12), the product of protonation of superoxide radical anion 
(Eq. 11), as well as from the oxidation of H2O by holes (Eq. 8), easily 
react with coumarin (Eq. 9) (k = 2.0 × 109 L. mol− 1.s− 1 [47]).  
•O2− + H+ ↔ •HO2                                                                        (11)  
•HO2 + •HO2 → H2O2 + O2                                                           (12)  
H2O2 + •O2− → •OH + OH− + O2                                                   (13) 
However, our results indicated that superoxide anion radicals were 
predominantly in deprotonated form, owing to the neutral pH (6-7) of 
the solution during irradiation. Hence, this suggests that the reaction of 
superoxide anion radicals with coumarin can considerably contribute to 
its degradation, resulting in non-fluorescent products as shown in Eq. 14 
[49,50].  
•O2− + coumarin → non-fluorescent products                                     (14) 
Therefore, apart from the processes via OH radicals, coumarin 
degradation in aerobic system is more efficient than in anaerobic one, 
due to the efficient reaction with superoxide anion radicals. Moreover, 
dissolved oxygen can significantly increases the oxidative trans-
formation of instable radicals formed in the reactions of coumarin with 
ROS. 
Furthermore, NTiO2 catalysts calcined at various temperatures were 
also investigated in anaerobic and aerobic atmosphere under UV light 
(Fig. S12). Regarding the different calcination temperatures, the pho-
toactivity increased upon increasing the calcination temperature in both 
aerobic and anaerobic systems. NTiO2 calcined at 650 ◦C showed the 
best OH radical formation under both anaerobic (v0 = 3.08 × 10-7 mol.L- 
1. min-1) and aerobic (v0 = 10.08 × 10-7 mol.L-1. min-1) conditions as 
illustrated in Fig. 8a. The degradation of coumarin revealed an identical 
trend, according to which NTiO2 catalyst calcined at 650 ◦C exhibited 
the highest degradation efficiencies after 240 min irradiation; with 
approximately 26% (v0 = 1.3 × 10-7 mol.L-1. min-1) in anaerobic atmo-
sphere, while under aerobic conditions the coumarin degradation 
significantly increased to 93% with the initial degradation rate of 
v0 = 15.1 × 10-7 mol.L-1. min-1 (Figs. 8b). 
The ratio (aerobic/anaerobic) of the OH radical formation was 
Fig. 8. Initial rates of (a) OH radical formation and (b) coumarin degradation over NTiO2 calcined at different temperatures in aerobic and anaerobic atmospheres, 
under UV light. 
Table 4 
Ratio (aerobic/anaerobic) of OH radical formations over NTiO2 calcined at 
different temperatures, under UV light.  
Calcination temperature / ◦C v0 of OH radical formation / 10-7 mol. 
L-1. min-1 
Ratio (b:a)  
(a) Anaerobic (b) Aerobic  
350 0.84 1.69 2.01 
450 2.24 4.69 2.09 
650 3.08 10.08 3.27  
Fig. 7. Irradiation time dependence of concentration of coumarin degraded 
through the reactions with other reactive species. 
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determined over NTiO2 catalysts calcined at different temperatures. As 
given in Table 4, this ratio increased with increasing calcination tem-
perature, where NTiO2 calcined at 650 ◦C exhibited the highest ratio 
(3.27). 
Similarly, the ratio (aerobic/anaerobic) of coumarin degradation 
also showed the highest value over NTiO2 calcined at 650 ◦C as dis-
played in Table 5. It means that the presence of oxygen (air) could 
enhance the coumarin degradation over 10 times that of the value in 
anaerobic system. In addition, the ratio (aerobic/anaerobic) of coumarin 
degradations was higher than the ratio (aerobic/anaerobic) of OH 
radical formation. In other words, the production of electrons or su-
peroxide anion radicals was greater than that of OH radicals (7-OHC) 
over NTiO2 calcined at 650 ◦C. As shown in Fig. 4b, the nitrogen content 
drops and the crystallite size increases at high calcination temperature 
(650 ◦C). From this point of view, it can be assumed that less nitrogen 
content and larger crystallite size of NTiO2 are favorable for the gen-
eration of more electrons or superoxide anion radicals under UV-light 
irradiation. 
3.3.2. Photocatalytic reactions with coumarin under visible light 
The OH radical formation was successfully detected by using fluo-
rescence spectrometer in both systems (anaerobic and aerobic). The 
initial rate of OH radical formation in anaerobic atmosphere was 
0.23 × 10-7 mol.L-1. min-1 and it increased to 0.7 × 10-7 mol.L-1. min-1 
upon aeration of the system as shown in Fig. 9. In comparison, the initial 
rate of OH radical formation in the visible was significantly lower than 
under UV light. The initial rates of OH radical formation under UV light 
were 2.24 × 10-7 and 4.69 × 10-7 mol.L-1. min-1 for anaerobic and aer-
obic system, respectively. As a result, the change of coumarin concen-
tration (due to its transformations) could not be reliably detected by 
using spectrophotometric measurements during the photocatalytic re-
action under both anaerobic and aerobic atmosphere. 
However, the ratio (aerobic/anaerobic) of OH radical formation 
under visible light was higher, compared to that in UV light, as 
summarized in Table 6. It shows that in the presence of O2, the photo-
catalytic enhancement of OH radical formation over NTiO2 (calcined at 
450 ◦C) under visible light was more favorable than in UV light (3.04 vs. 
2.09). 
4. Conclusions 
Visible- and UV-light-active nitrogen-doped TiO2 catalysts were 
successfully prepared by a co-precipitation method, using ammonium 
hydroxide as nitrogen source. The catalysts displayed high porosity and 
consisted of pure anatase phases at the calcination temperatures 350- 
650 ◦C. The phase transformation from anatase to rutile at high calci-
nation temperature was successfully inhibited due to the presence of 
nitrogen dopant in TiO2. The nitrogen content decreased by increasing 
calcination temperature and strongly related to the photocatalytic effi-
ciency. The NTiO2 catalysts calcined at 450 ◦C and 650 ◦C for 30 min 
showed the highest photocatalytic OH radical formation under visible 
and UV light, respectively. Coumarin was used for the monitoring of OH 
radical formation by producing hydroxylated derivatives, but it effi-
ciently reacted with photogenerated electrons and (in aerated system) 
superoxide anion radicals, too. We have unambiguously proved that 
coumarin could also be used to estimate the production of other reactive 
species (i.e. electrons or superoxide anion radicals). To the best of our 
knowledge, this is the first study in which coumarin was used as a single 
chemical probe to detect the formation of both OH radical and other 
reactive species in a photocatalytic system. 
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Table 5 
Ratio (aerobic/anaerobic) of coumarin degradation over NTiO2 calcined at 
different temperatures, under UV light.  
Calcination temperature / ◦C) v0 of coumarin degradation / 10-7 
mol.L-1. min-1 
Ratio (b:a)  
(a) Anaerobic (b) Aerobic  
350 0.3 1.5 5.0 
450 1.1 3.6 3.27 
650 1.3 15.1 11.61  
Fig. 9. OH radical formation over NTiO2 (calcined at 450 ◦C) in aerobic and 
anaerobic atmosphere under visible light. 
Table 6 
Formation of OH radicals over NTiO2 (calcined at 450 ᵒC) under visible or UV 
light in aerobic or anaerobic atmosphere.  
Light v0 of OH radical formation / 10-7 mol.L-1. min-1 Ratio (b:a)  
(a) Anaerobic (b) Aerobic  
Vis 0.23 0.70 3.04 
UV 2.24 4.69 2.09  
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